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Role of proton gradients and vacuolar H+-ATPases in the refilling
of intracellular calcium stores in exocrine cells 
C. Camello, J.A. Pariente, G.M. Salido and P.J. Camello
Numerous hormones and neurotransmitters activate
cells by increasing cytosolic calcium concentration
([Ca2+]i), a key regulatory factor for many cellular
processes. A pivotal feature of these Ca2+ signals is the
release of Ca2+ from intracellular stores, which is
followed by activation of extracellular calcium influx,
allowing refilling of the stores by SERCA pumps
associated with the endoplasmic reticulum. Although
the mechanisms of calcium release and calcium influx
have been extensively studied, the biology of the Ca2+
stores is poorly understood. The presence of
heterogeneous calcium pools in cells has been
previously reported [1–3]. Although recent technical
improvements have confirmed this heterogeneity [4],
knowledge about the mechanisms underlying Ca2+
transport within the stores is very scarce and rather
speculative. A recent study in polarized exocrine cells [5]
has revealed the existence of Ca2+ tunneling from
basolateral stores to luminal pools, where Ca2+ is
initially released upon cell activation. Here, we present
evidence that, during stimulation, Ca2+ transported into
basolateral stores by SERCA pumps is conveyed toward
the luminal pools driven by proton gradients generated
by vacuolar H+-ATPases. This finding unveils a new
aspect of the machinery of Ca2+ stores.
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Results and discussion
To monitor the transfer of calcium from basolateral to
luminal stores, we studied the subcellular polarization of
Ca2+ signals evoked by the neurotransmitter acetylcholine
(ACh) in pancreatic acinar cells loaded with the calcium
indicator dye Fura-2. In this cell type, Ca2+ signals are initi-
ated at the luminal pole [6–9], which is densely packed with
secretory (zymogen) granules [10], before spreading to the
basolateral pole, which contains a strongly developed endo-
plasmic reticulum. This pattern can be explained by the
fact that most of the receptors that release calcium from
intracellular stores in response to agonist-induced inositol
(3,4,5) trisphosphate (InsP3) formation are located at the
luminal pole [9,11], so that even very low levels of stimula-
tion generate local, restricted calcium signals [8,12]. 
According to the model of tunneling proposed by Petersen
and colleagues [5], once intracellular pools release calcium
and activate the influx of extracellular Ca2+ — a process
termed capacitative calcium entry (CCE) [13] — Ca2+ ions
entering the cell are transported by SERCA pumps into
the endoplasmic reticulum of the basolateral pole for
transfer to the zymogen granules, which serve as luminal
Ca2+ pools [14]. If this scenario is correct, in continuously
stimulated cells, calcium must leak from the luminal
stores to the cytosol during the Ca2+ entry phase. 
We tested this hypothesis by carefully examining the
spatiotemporal pattern of [Ca2+]i during CCE evoked by
depletion of the intracellular stores by a high concentra-
tion of ACh followed by readmission of extracellular
calcium (see the protocol in Figure 1a). As can be seen in
Figure 1b, the initial response to ACh was initiated in a
‘trigger’ area located at the luminal pole (Figure 1b,
upper panel), and then propagated towards the basolat-
eral pole as a calcium wave. During the subsequent CCE,
there was a global [Ca2+]i increase, as would be expected
if influx channels are distributed all along the basolateral
plasma membrane. During the rising phase of capacita-
tive influx, however, the trigger area displayed a small
[Ca2+]i gradient (Figure 1b, lower panel), and a [Ca2+]i
increase rate higher than that of the basolateral pole. This
gradient was observed in 24 out of 30 experiments (40 out
of 56 cells). Although in most of the cells the slow and
initial [Ca2+]i increase at the basolateral pole precluded
visualization of a calcium wave, we observed small waves
in 9 of the 24 successful experiments.
A simple explanation for our finding is that calcium influx is
transiently polarized in the luminal pole of the cells. Appli-
cation of the muscarinic blocker atropine (100 µM) before
the activation of Ca2+ influx, however, abolished this Ca2+
gradient in 10 out of 11 experiments. Moreover, when we
replaced ACh with thapsigargin, a specific inhibitor of
SERCA pumps that does not increase InsP3 levels [15]
despite its ability to activate CCE (see for example [16]),
the gradient was also absent (6 cells, 4 experiments).
Together, these experiments indicate that the gradient is
not a ‘passive’ consequence of polarized calcium entry, but
is due to the production of InsP3 induced by cell activation,
which releases Ca2+ from the luminal stores.
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Given that the main mechanism for Ca2+ reuptake into the
stores is the SERCA pump, which is mainly distributed
throughout the basolateral areas of the cell [17], we tested
whether or not the calcium ions released at the luminal
pole during calcium influx were previously transported into
the pools by this pump. To do this we applied thapsigargin.
This treatment abolished the transient calcium gradient in
16 out of 17 cells (6 out of 7 experiments; Figure 1c), indi-
cating that the calcium ions released by InsP3 from the
luminal pole during CCE were previously transported by
the SERCA pumps of the endoplasmic reticulum. 
This result also definitively excludes an alternative expla-
nation for our results, which is that InsP3 activates the
influx of extracellular Ca2+ through InsP3 receptors
located at the plasma membrane or very close to it [11,18],
as in T cells [19]. If this were the case, InsP3 would be
necessary for the development of the transient [Ca2+]i gra-
dient (see above), but thapsigargin should not affect it,
which is clearly different to our data. Taken together, our
results demonstrate that in stimulated cells, initiation of
calcium entry generates a subtle [Ca2+]i gradient through
the release of calcium from luminal stores previously
refilled by SERCA pumps, in keeping with the previous
observation of Ca2+ tunneling [5].
Previous studies with subcellular preparations have shown
the involvement of subcellular pH gradients in the refilling
of pools in exocrine cells [20] and in Trypanosoma [21]. In
fact, we and others have shown that intracellular pH and
[Ca2+]i are intimately related [22,23], and have previously
reported that the existence of subcellular proton gradients
is a requisite for physiological Ca2+ signals such as [Ca2+]i
oscillations [24]. A logical explanation for these observations
is that a proton gradient is necessary to transfer calcium ions
from their entry point into the pools to the highly sensitive
sites of release located in the zymogen area of the cell, as
was suggested by Mogami et al. [5], although they did not
provide any evidence to support this hypothesis.
Nigericin, a proton carrier, or folimycin, a specific inhibitor
of the vacuolar H+-ATPase, was applied for a short period
of time (2 minutes) before readmission of extracellular
calcium. We confirmed that these drugs impair intracellu-
lar pH gradients by using confocal microscopy to analyze
their effects on the distribution of a fluorescent marker for
acidic compartments (see Supplementary material). As
shown in Figure 2a, nigericin abolished the luminal
[Ca2+]i gradient during CCE in 13 out of 14 cells (7 out of
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Figure 1
Polarization of Ca2+ signals during CCE. (a) The protocol followed to
study the polarization of Ca2+ signals during CCE in the presence of
ACh in fura-2-loaded pancreatic acinar cells. After depletion of Ca2+
stores with 10 µM ACh in Ca2+-free medium (1 mM EGTA; left
segment of the trace), CCE was initiated by applying 10 mM Ca2+
(right segment of the trace). The gap corresponds to the decay phase
of the Ca2+ response, when the record was usually paused.
(b) Pseudocolor images showing the high-speed ratio frames obtained
during the response to ACh (upper panel) and during CCE (lower
panel) at the times indicated in the graphs to the right. Measurements
are those obtained from the experiment shown in (a). The [Ca2+]i traces
(fura-2 ratio F340/F380) of luminal (L) and basolateral (B) areas of the
cells are displayed in blue (luminal) and red or black (basal). The
bright-field image shows the luminal pole of the cells as a granular
central area. During activation of influx (lower panel), there is a luminal
Ca2+ gradient located at the site of origin of the initial response to ACh.
(c) Effects of application of 1 µM thapsigargin (TPS) on the luminal
Ca2+ gradient occuring during CCE. The top panel shows the initiation
of a Ca2+ wave in the luminal pole (L; blue trace on graph) in response
to ACh. The lower panel and the accompanying graph demonstrate the
lack of a Ca2+ gradient during initiation of CCE. A pseudocolor
calibration bar is provided for each group of images. Isolated pancreatic
acinar cells loaded with the calcium dye Fura-2 AM (1 µM, 30 min),
placed on the stage of a Nikon microscope, were excited at 340 and
380 nm, and the fluorescence emission at 515 nm was recorded with a
high-speed digital CCD camera (Hamamatsu, HisCa C-6790),
rendering 4–5 ratio images/sec (F340/F380 values, pixel-by-pixel). 
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8 experiments). The same result was obtained with
folimycin (10 out of 11 cells, 6 out of 7 experiments;
Figure 2b). These results show that a proton gradient
driven by the vacuolar H+-ATPase is necessary to transfer
calcium ions from their point of reuptake into intracellular
stores to the luminal point of release.
Our results are, to our knowledge, the first proof in intact
cells of a role for vacuolar H+-ATPases in the operation of
the agonist-releasable Ca2+ pools. Interestingly, the endo-
cytic and secretory organelles of exocrine pancreatic acinar
cells, which are preferentially distributed in the luminal
pole, are acidic compartments [25] containing vacuolar H+-
ATPases [26,27]. This is in keeping with the description
by Schulz and collaborators, using subcellular fractions
and permeabilized cells, of the involvement of pH gradi-
ents in the refilling of the calcium stores [20]. More impor-
tantly, the data presented here also give information about
the mechanisms of calcium transfer between different
compartments in intact cells: once transported by SERCA
pumps into the basolateral endoplasmic reticulum (the
preferential localization of these pumps [17,20]), calcium
reaches the luminal stores with the help of proton gradi-
ents driven by vacuolar H+-ATPases, as outlined in
Figure 3. The most plausible candidate for the luminal
store are the secretory granules, given the direct demon-
stration of InsP3-evoked Ca2+ release from zymogen gran-
ules in pancreas by Gerasimenko et al. [14], later
confirmed by Verdugo’s group in airway epithelium [28]
despite some controversy [18,29].
Acidification of calcium pools could cooperate in the trans-
fer of calcium between stores in two ways. First, by simple
competition it could decrease the Ca2+-binding capacity of
the stores, which is in fact quite low in pancreatic acinar
cells [30]. Second, it could support the effects of GTP, which
seems to promote the transfer of calcium between different
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Figure 2
Nigericin and folimycin disrupt Ca2+ gradients during influx in cells
continuously stimulated with 10 µM ACh. The protocol used was
similar to that shown in Figure 1, except that nigericin (10 µM) or
folimycin (100 nM) were added before readmission of extracellular
calcium. (a) Pseudocolor ratio images obtained during the initial
response to ACh (upper panel) and during the subsequent CCE
(lower panel) in nigericin-treated cells. The associated graphs show
the ratio values for luminal (L; blue trace) and basolateral (B; red trace)
areas, displayed in the bright-field image. (b) A similar analysis of the
calcium entry phase in folimycin-treated cells. As can be seen, both
nigericin and folimycin abolished the Ca2+ gradient that normally
occurs during CCE. (c) For comparison, a control experiment, similar
to that shown in Figure 1b, was performed. The images correspond to
the initial response to ACh (upper panel) and the onset of CCE
(lower panel), and the graphs contain the traces for luminal (L; blue)
and basolateral (B; red) areas.
Figure 3
A putative model for the transfer of Ca2+ between different Ca2+
stores in exocrine acinar cells. Emptying of intracellular Ca2+ stores by
InsP3, formed in response to agonist stimulation, activates capacitative
calcium entry (CCE). Ca2+ is then transported into thapsigargin-
sensitive stores before it is conveyed to apical stores (probably the
zymogen granules), where a part can leak into the cytosol provided
that cell stimulation is preserved. Vacuolar H+-ATPases (V) create
proton gradients which aid in store refilling and transfer of Ca2+ to the
agonist-sensitive pools, possibly by promoting GTP-induced
communication between compartments. Nigericin and folimycin inhibit
the gradient and thereby impair calcium transfer.
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pools [1,20]. GTP stimulates the fusion of pancreatic micro-
somal vesicles, an effect strongly inhibited when acidification
of the vesicles is blocked by specific inhibition of the vacuo-
lar H+-ATPase [31]. This fusogenic effect could explain both
the ability of GTP to link different calcium pools and the
sensitivity of the calcium transfer to impairment of proton
gradients and H+-ATPase function (Figure 3). 
Of course, it could be argued that small cisterns of the
endoplasmic reticulum located at the luminal pole
contain both the vacuolar H+-ATPase and SERCA pumps,
so that cytosolic calcium is directly accumulated into these
pools [17,29]. This alternative hypothesis, however, cannot
explain either the results of Mogami et al. [5] or the very
scarce distribution of SERCA pumps in the luminal pole of
these cells [17]. It also rules out the possibility that the
zymogen granules are the luminal calcium stores as they
have no SERCA activity [14]. Moreover, treatment of intact
cells with folimycin or nigericin strongly decreases reloading
of the entire ACh-sensitive pool but not the thapsigargin-
sensitive pool (data not shown). As these stores overlap in
this cell type [32], it is necessary to account for some kind of
transfer between different compartments.
From a physiological point of view, our data help us
understand how the organization of intracellular calcium
stores supports the polarization and heterogeneity of
calcium signals and the complex and elusive relationship
between these signals and pH in mammalian cells.
Supplementary material
Supplementary material, including a figure showing the effects of nigericin
or folimycin on subcellular pH gradients and additional methodological
details, is available at http://current-biology.com/supmat/supmatin.htm.
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